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DYNAMIC CALIBRATION OF PRESSURE PICK-UPS BY THE SHOCK~TUBE METHOD
AND AUTOMATIC REDUCTION OF THE RESPONSE CURVES

Pierre Liénard, Jacques Hay and Maurice Planchais

ABSTRACT M +9 A»

The dynamic calibration of pressure pick-ups with sensi-
tivities that are too small to react to an ordinary noise field
can be carried out with the pulse method. In the shock-tube,

a step of constant pressure between 10LL and 12-10° Pa (1.4
and 170 psi) can be applied to the pick-ups during a few hun-
dredths of a second. The ratio of the Fourier transform of
the response given by the pick-up to that of the input signal
is the transfer function of the pick-up.

The tube, the experimental method, and the equipment for
recording the successive values of the response signal of the
pick-up fixed at the bottom of the tube are described. This
recording is introduced directly, by perforated tape, into
the computers that give the frequency response of the pick-up.

Aecthars

I. Introduction

Pressure pick-ups designed for measurements in the range of from oﬁe
to several thousand pascals (Pa), with a frequency response of from a few
cycles per second to several tens of kilocycles per second, have been de-
scribed in a preceding article (Ref. 1). An instrument is only useful if
it is calibrated. However, difficulties have been encouuntered in apply-
ing an alternating pressure having the above characteristics of amplitude
and frequency to these pick-ups.

Whereas the static calibration (zero frequency) requires a standard
technique which is applicable to pick-ups and which allows measurement of
d.c. pressures, the dynamic calibration requires an analysis of the re-
sponse of these pick-ups to a pressure pulse or a pressure step, because
it is not possible to permanently and economically produce high intensity
sinusoidal pressures of known values. On the other hand, it is possible
to produce with a shock tube a unit step of pressure of calculable height
and of sufficient duration so that the low frequencies of its frequency
spectrum are well known (Refs. 2 and 3).

epyaileble to US Government Age,r’\cies and |
ﬁ “’é “éovemment Contractors Only o b

1



It is known that the principal characteristic of a shock tube, ‘
which is of interest to us, is that it produces a unit step pressure of '
calculable height with an extremely small rise time (of the order of

1077 sec) (Ref. 2). This is practically instantaneous as compared with
audio effects. Also, part of this characteristic is that the pressure
~is subsequently constant for a relatively short time (in regard to equip-
ment); however, this time is shorter the longer the tube. The pressure
Jumps that can be set up vary widely and can be high, provided the tube
is constructed to sustain high pressures.

The shock tube mentioned here has a total length of 25 m. It is de-
signed to produce, on the investigated pick-up, a pressure jump with a

value that can be chosen between th and 12-105 Pa, with the possibility
of still increasing this limit. The initial pressure is presently the
atmospheric pressure, but in the future it will be possible to have a
partial vacuum for the initial pressure. Under these conditions, the
plateau time is approximately from 10 to 80 msec.

The investigated pressure pick-up is secured to the closed end of
the tube expansion chamber, with suitable precautions being taken to iso-

late the wall and cavity vibrations. The pick-up receives the pressure f28

shown in Figure 2(a). The transmitted signal would be that of Figure
2(a) if the pick-up were perfect; however, it appears more like that in
2(v), (c), or (d), displaying its own response time, its own frequencies,
ete.

The pick~up transfer function is the complex ratio of the Fourier
transforms of the output function s(t) to the input function p(t).

The unit step p(t) is, however, of limited duration (for example, 60
msec with a tube 25 m long). The calculation of the corresponding in-
tegrals is only possible if the output function reaches a constant value
at the end of this duration (Figures 2(b) and (c)). The case of Figure
2(d) cannot be immediately analyzed because the complete response of the
pick-up is not known. It is therefore necessary to obtain a pressure
plateau as long as possible.

A study is under way to analyze the almost stabilized transient re-
sponses in the case where the average value of the transient response is
close to a decreasing exponential, with the amplitude of the fluctuation
about this exponential also decreasing (See Section VI).

IT. Description of the Constructed Tube

This tube is made up of solderless segments of steel tubing having
an inside diameter of 104 wm, ending in soldered flanges which permit



them to be assembled end to end in any sequence; the whole set rests in
a horizontally movable position (Figure 1).
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Pigure 1. Schematic diagram of the whole apparatus

1, Compression chamber; 5, Hammer; 9, Pick-up under study;

2, Expansion tube; 6, Membrane; 10, Amplifiers;

3, Compressed air; T, Triggering pick-up; 11, Counter;

L, Manometer; 8, Pick-ups to measure 12, Oscilloscope (re-
the velocity; corder).

The last segment of the compression chamber is closed by a plate |
with a fitting for compressed alr. The segment which is to receive the |
membrane separating the compression chamber from the expansion tube con-
tains a mechanical hammer. The latter is triggered from the outside sim-
ply by a wire. We had to eliminate electromagnetically controlled hammers
because they induce parasitic currents in the sometimes very sensitive
measuring devices,

The membrane (rhodium, aluminum or other material) is first inserted
between two aluminum flanges having a hole the size of the tube. The /29
flanges are then pressed between the tube segments.

In the expansion tube, one of the segments supports a piezoelectric
microphone (barium titanate, type 20 H 42), flush with the wall, and
mounted on a flexible plastic cylinder so as to isolate the mechanical
vibrations of the wall. When the shock wave passes, the signal generated
by this pick-up serves to trigger the scope.

The last segment of the expansion tube is 3 m long and supports 2
pick-ups, identical with the first one and separated by 2 m. The '
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Figure 2. Input superpressure and response
a, Unit step of pressure; b, response of a pick-up which
transmits the d.c. pressure; c¢, response of a pick-up
which does not transmit the very low frequencies; d, un~-
known response at the end of the experiment.

corresponding signals produced when the shock wave passes are sent to an-
other pick-up and permit the speed of the shock wave at the end of its
trip to be measured; i.e., Just before it reaches the investigated pres-
sure pick-up.

The shock wave is reflected by the last plate of the expansion tube, ..
which has at its center the investigated pick-up whose active face must
be flush with the interior wall. The arrangement must be determined for
each pick-up. It is possible to place two or more pick-ups on this plate
for comparative purposes 1f there is sufficilent room. One must avoid
placing these pick-ups too close to the cylindrical wall because of possi-
ble perturbations. In practice the pick-ups should be within a circle. of

g
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5 cm diameter around the axis of the tube. If the pick-up is sensitive
to vibrations, it must be mechanically isolated without introducing any*
discontinuity in the surface of the end plate. The whole arrangement in-
cludes compressed air tanks, manometers for measuring the initial pres-
sure (before striking the membrane), amplifiers for the piezoelectric
pick~ups to trigger and measure the speed, electronic gates and counter,
and a singly triggered display oscilloscope to be controlled by the first
pick-up mentioned previously (Figure 1).

After having investigated and completed the attachment of the
pick-up to the terminal plate, the test must be prepared by selecting
the lengths of the compression and expansion tubes and the pressure in
the compression tube to obtain the desired pressure step and plateau time
on the pick-up. The nature of the membrane suitable for the selected
pressure must also be chosen, and the position of the triggering pick-up
must be selected to obtain on the display a horizontal trace representing
the initial pressure, and a suitable scaling of the response signal.

The standard formulas for shock tubes enable the adjusting param-
eters to be obtained with tables and computational charts.

I1TI. Effect Employed: Nomenclature

The object of the shock tube is to produce, by the rupture of the
membrane, a plane shock wave perpendicular to the tube axis, to be fol-
lowed by a constant velocity and constant pressure flow which provokes
at the closed bottom of the tube an abrupt jump of pressure to a pres-
sure constant within a small time interval.

This is true, provided the rupture of the membrane is sudden and in-
stantaneous, and provided the end of the tube is rigid and has no leaks'
and no cavities. Finally, the length of the tube must be sufficient so
that the shock wave becomes stable.

We recall here, schematically, how the tube works with a 7, X dia- /30
gram (Figures 3 and 4). The nomenclature is:

space origin: +the plane of the membrane
time origin: the rupture of the membrane
L length of the compression chamber
length of the expansion tube

x abscissa of the point along the tube
x =2
L

t': time
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Figure 3. Wave propagation diagram
A, Wave front of the re~ S', reflected shock wave;
flected expansion wave; S", reflected shock wave;
¥, expansion pencil; P, plane of discontinuity.

S, shock wave;

T2 reduced time = % .t :

a: sound velocity in air at the Initial temperature

v: ratio of the specific heats

p;: pressure of the gas in the i region of the space-time diagram of
Figure 3.

In the X, 7 diagram, the various waves determine several regions
(Figure 3) which determine the running index i above. The most important
parameter, with respect to which the other quantities are simply expressed;-
is the absolute velocity M, in mach numbers, of the initial compression
wave (between the regions 3, 1 of Figure 3).

Similarly, we designate the initial pressure ratio by P and the
pressure jump at the end of the tube by Ap:
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Figure 4. Graphs for the calculation of the various quantities

i

P Po/Pl

)

rp = (p), - py)/pg-
The calculations are performed here for an air-to-air tube having a

constant cross section, so that a is the same in the regions O and 1, a@d
v = 1.k, :

The discontinuity, 2-3, of the diagram of Figure 3 is a separation
between the masses of air situated initially on either side of the dia-
phragm. The velocities and pressures are the same for either side of
this wave, but the temperature, and cousequently the sound velocity, are
not. This wave of discontinuity (as it is sometimes referred to) is not,
properly speaking, a wavel, but a temperature discontinuity which propa-
gates with the gas molecules at the same velocity.

The pressure remalins constant at any point in the tube, between the
passing of the initial compression wave 3, 1 and that of the reflected
expansion wave T, 2 (provided this point is sufficiently far from the

1"The suyrface of contact" as referred to in (Ref. 3).




bottom of the tube so that it does not see the reflected wave 4, 3 pre-
ceding it). ;

In spite of having the advantage of a fairly long time when the
pressure is constant, this same position entails the disadvantage of hav-
ing a too high pressure rise time because the latter is equal to the time
the shock wave sweeps the surface of the pick-up (for example 1k psec for a
M= 1.6 wave on a pick-up of 8 mm diameter). This is acceptable only for
a slow pick-up or for a pick-up of small size, The pressure at the wall
is less than at the bottom of the tube (approximately half of it for a
-weak shock), and this can be an advantage in the case of a very sensitive
pick-up (microphone), because it is not easy to produce a very wesk shock
wave since the rupbure of the membrane is not rapid enough and the pres-
sure pg, is too small. Other means of rupturing the membrane should be

tried so that they do not produce pollution and noise.

For various reasons, especlally for ease of construction, the shock
tube mentioned here was selected to be cylindrical, with the investigated
pick-up located at the bottom of the tube. This tube was designed for °
the calibration of pick-ups of medium sensitivity (microphones for in-
tense noises).

For every calibration experiment, we must first determine the pres-
sure Jjump Ap which will be applied to the pick-up, to within a certain
accuracy.

Certain formulas (which will be reviewed later) and certain graphs /31
(such as the one shown in Figure 4) permit us to calculate Ap and the
time At during which the pressure is constant (plateau), so that the
scope can be adjusted.

The measurement of the velocity M permits us to correct the value of
Ap because the calculation of Ap from P does not take into account the
damping which takes place during the displacement of the wave,

In Figure 3 the tube has a length of 2L. This figure shows the vari-
ous wave reflections and refractions. This diagram therefore allows us

R N

£o determine the time Aty (calculated from Ab) = ATM) during which the

pressure is constant against the bottom of the tube (see Appendix I for
the calculation of Ath'

If the tube is sufficiently long (Figure 3), the reflected exbansion
wave and the discontinuity wave meet at point N on the diagram, with the;
ordinates Xy Ty indlcated in the numerical tables. The reflected

7
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expansion wave and the shock waves meet at point S (XS’ TS) which is
generally very distant. :

TIV. Shock Tube Equations

The basic parameter involved here is the velocity M (relative to
the sound velocity) of the initial shock wave in the expansion tube.

The rise pressure P as measured by an accurate manometer, the super-
pressures p3 and ]_olL and therefore the superpressure Ap, the velocity M’

of the wave reflected at the bottom of the tube, the velocity p of the
discontinuity wave, and the coordinates of the points N and S of the
diagram (Figure 3) are all obtained by standard calculations. Some of
the results of these are given on the following table as examples.

The formulas are readily transformed into numerical tables and into
graphs (Figure 4) to determine Ap and to construct the diagram for the

chosen case.

This diagram enables the maximum value of the length XR of the ex-

pansion tube to be found and the maximum duration of the plateau to be
obtained.

Table 1. Some equations for the shock tube as a function of V

P IMI—1 6 M ’ |
P S W “

Py 6 14+ 6M-—
Pa_ T Mot ‘
Y

Po_ 1M —14M—1

n © 8 M4 5

. AME 2
M=—3=5%

Note that the ratio of the superpressure at the bottom of the
tube to the travelling superpressure can be put in the _form:

e T P P B
P’_Pl.——2[1 F M —1) + 3 (M a)=+]

in other words, for the weak shocks a reflection on a wall
doubles the pressure, which is a standard result.
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In the first approximation, we neglect the change in pressure due™
to the wave S" which is twice reflected (Figure 3). The preceding maxi-
mum depends then on the value At along the plane XR between the S and A

waves. The maximum depends in this way upon L, and since the length of
the tube is limited to 1 + L = 25 m, the possible maximum of At does not
correspond to the maximum of At.

For medium shocks, the velocities of the S and A waves are rela-
tively close together, and AT = AIN" The time At is then found from

At = %’Aﬁ. The exact determination of the plateau time Axh, taking

into account the twice reflected wave, requires the calculation of its
velocity M". This calculation can only be done by approximations (see
Appendix I).

V. Calculation of the Transfer Function

The principle involved in this calculation was indicated at the
beginning of this paper. We begin with an input function of the applled
pressure (step of height Ap), and display the pick-up response on the
oscilloscope. The forms obtained are half rectangular (or triangular)
waveforms. In other words, a function such as p(t)(Figure 5(a)) leads
to a response s(t) such as in Figure 5(b) or (c).

The areas under the two curves are well defined and can be cal-
culated by the trapezoidal rule. Similarly, the products s(t) cos wt
can be calculated for any given value of w.

In practice, the ordinates s(t) of the experimental response curve?
must be read for values of t as close together as possible to find the /32
frequency spectrum of this waveform at the high frequencies.

The oscilloscope display of the response is magnified, retraced for
a sufficiently fine line to be obtained and the curve thus obtained
(Figure 6) is then wrapped around a drum. A light spot is interrupted
at each turn of the drum successively by the arbitrary x axis and by
the curve. A photoelectric cell transmits a signal at these two instants,
which controls the starting and stopping of a counter. The process is
almost entirely automatic with the device described in Section VII. The
numbers in the counter are stored for punching a coded tape, and the o
counter is returned to zero to receive the following numbers which rep-
resent the ordinate s(t + At), etc.

The punched tape 1s then used for punching cards, and a relatively
standard program determines for each value of the frequency given before
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Figure 5. Input superpressures and responses. Rep-
resentation as one period of periodic functions

the real and imaginary terms, and therefore the amplitude and the phase%
of the transfer function of the investigated pressure pick-up. Figure
7 shows an amplitude response curve obtained in this way.

Of course this calculation essentially presumes that a complete
period of the responses like those in Figure 5(b) and (c) can be traced,
and that the curve of Figure 2(d) is not usable as such. The advantage
of having a pressure plateau as long as possible is obvious. Lengthen-
ing the plateau time At increases the chances of having a stabilized
response at the end of the plateau, before all the reflected and re-
fracted waves arrive to inextricably perturb the input wave function.

We have tried to use a response such as the one in Figures 2(d) or

8(b), which still contains sufficient information to be reduced as much
as possible.
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Figure 6. Example of a pick-up response

VI. Study of the Use of Certain Pressure Pick-Up Responses to the Unit
Step Function, for the Case where the Pick-Up Does Not Return to
Equilibrium at the End of the Pressure Plateau

Let 6 be the time at the end of the pressure plateau—the pick-up
output has still not returned to a state of equilibrium (Figure 8). For
such a case, the problem is to extract from the output waveform s(t) all
the information it contains, during the time interval when a known inpuﬁ
function e(t) can be made to correspond to it; in other words, between
the times O and 6. This information is useful for the response of the
system to a discontinuous address, and therefore concerns the high fre-
guency components of the spectrum.

We first considered placing an electric four-pole network at the
output of the transducer, so that an output function s’(t), which re-
turns to equilibrium at time t = 6 (Figure 9); corresponds to the input
function s(t). Since the series transducer, four-pole network can be
analyzed by the standard method, we know that Z'(w) = Z(w)Q(w) (in the
interval where Q(w) # 0). Also, Z(w) was deduced by finding the transfér
function Q(w) of this four-pole point by point. We abandoned this methdd
because the determination of the four-pole necessitates knowing the func-
tion Z(w) which we seek to define.

AL
e N
‘ 10 \
7\,\\/, _ \v
KHz
0,1 >

051 2 4 8 16 32

Figure 7. Amplitude vs. frequency response curve, .
calculated from the preceding response R—
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Figure 8.

Input function differing from the step
function after the time 6 and incomplete response

The method we have adopted consists of mathematically extrapolating
the function s(t) for times greater than 6

transducer input

We designate the time func-
tion defined for t»0 by o(t) to represent the output waveform correspond-
ing to a unit step function of infinite duration which is applied at the [;i

. The calculation of the transfer function:

t) edor dt
Ly o _S(w)
f ciotg L (@)

0

[

T

o
|~§Tl~

o
4

is split into two parts:

, , R
iWM=YMHﬂwm=§Jﬁmwwm+

1 1 .
— ~jet
21rf9 6 (&) e~dot di,

The first integral is calculated from the experimental function by
a graphical integration method

The second integral is found by calculatlon, depending on the mathe-
matical form given o(t).

In this way, a hand curve tracing is avoided.
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Figure 9. Transducer and auxiliary four-pole

On the other hand, the list of function types, which are useful in the. !
extrapolation, is a limited one, and we cannot always take all the
peculiarities of the experimental curve into account when its mathema-
tical extrapolation is performed.

This latter disadvantage is largely compensated by the following
advantage (Figure 10). The curve T' is graphically extended by a curve
I't. Since the curve reading machine can only maske a maximum number N
of readings, the experimental curve is known in this way to a number of

points n = N g only, whereas in the case of a mathematical extrapolation,
the experimental curve T is known to N readings. The rapid changes of
the transducer are determined in this way with more accuracy and its

behavior at high frequencies, which is sought here, is also known with
more accuracy. -

S(8)4

012 ij © 0

Figure 10. ZExtrapolation of the unfinished response at time 6
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In the special case of pressure pick-ups, we have studied the most’
standard undamped response output waveforms. these can be of one of the!

four types shown in Figures 11 and 12.

It is seen that these curves are defined by the general equation:

Y = aEMT COS ;T + @ye~MT COS gt
T=1t—0

where, depending on the case under consideration, certain parameters can
be zero.

For each value of the frequency w the transform:

ks (@) ,

s a
4,
5(¢) i
A
\(E)
. \.
~. (P?\\~ %
. AN ey (™)
0 ST
\ Z,/’T//”/- % °
s _
- Experimental curve

b

Figure 11. Examples of extrapolable functions ~
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Figure 12. Examples of extrapolable functions.

Y (@) = 51-7; fe y (r) eot dr

is easlly calculated. A program permits us to add the value taken by
Y'(w) to the calculation of: u

L 0‘3 {t) e~iot di
2w Jo

Y {w)

which is done from the experimental curve. The transfer function Z(w) = /34
S{w)

E(w)

is therefore determined in this way.

S



sets the deviation between the mathematical extrapolation and the func-.
tion which would be obtained in the case of an infinite step function,
becomes rapidly complicated. i

The limits of this method are studied by electrical analogs: Com-
pletely known electrical four-pole networks receive a unit step function
which is truncated to lead to conditions analogous to those of the pres-
sure pick-up.

VII. Device for the Automatic Reduction of the Response Curves

This device (Figure 15) automatically reads a curve, y = f(x),
traced in rectangular coordinates. It yields numerical values for the
ordinates and abscissas of a certain. number of points.

The numerical information obtained is transcribed on a punched tape,
together with signal codes which are necessary for their use in computeﬁs.

1. Principle

The principle involved in the device is described in the following
paragraphs (Figure 13).

The sheet with the curve to be analyzed is secured on a cylinder
which rotates at a constant speed. The luminous flux emitted by a source
lamp is directed and concentrated on an area of the cylinder, in front
of which a photoelectric cell is located to receive the reflected light.
The passage of the curve through the illuminated ares is detected and !
transmitted by the photoelectric cell in pulse form.

For each value of the abscissa, the corresponding ordinate 1limits
are characterized by two pulses. The first pulse triggers the time
counter Y, while the second one stops it. The value obtained in this -
way 1s the numerical translation of the ordinate. The decades of the
time counter are, an instant later, placed into correspondence with a
memory device.

The abscissa 1s identified with a counter whose indication increases
by one unit for each turn of the supporting cylinder. The sequence of
the exploration cycle is defined by a rotating distributor which is
driven at the same speed as the cylinder. It makes contact successively Zﬁi
between each memory and the puncher, and controls the abscissa writer
and the function signals. The duration of an exploration (one turn of
the supporting cylinder) is about 900 msec.
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Figure 13.
, Motor;
, Supporting drum;
, Photoelectric cell;
, Rotating distributor
(20 positions);
5, Safety function control;

W e

_—
i

Block diagram

6,
[€

)

9,
10,

Counter X;
Counter Y;
Thyratron memory
decades;

Coder;

Puncher.

The choice of the origin for the reduction of the curve is done by?

means of an adjustable decimal point.

The command for transferring the

information from the counter Y to the memory, and the return to zero of
counter Y and its memories, are all distributed along one revolution and

are repeated every revolution.

The continuous travel of the reading carriage is controlled by a
worm gear. The distance between each point on the abscissa is 1/4 mm.,
The numerical value of a l-mm ordinate corresponds to 43 units of the

Y counter (1 unit = 0.023 mm).

2. Curve Characteristics

The analysis of the curves (Figure 14) is only possible provided
these curves have the following densities and dimensions:
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Figure 14. Curve display before readout
1, Guiding edge; 6, Minimum distance from
2, Counter cut~off gzone; the curve to the axis:
3, Binding holes (overlap); 5 mm;
4, Useful maximum dimension: 7, Maximum width: 270 mm;
145 mm; 8, Maximum dimension:
5, Minimum distance from the 235 mm;
lower edge to the axis: 9, Width of the trace:
35 mm; 1 mm t 20 percent.

a. Solid color, mat, paper.
b. A straight line is provided to represent the x axis (the x
axis and the curve can be traced in white on black paper or vice versa).
The trace width must be 1 mm ¥ 20 percent. :
c. Minimum ordinate is 5 mm.

d. Maximum ordinate is 145 mm.

e. BSeparation of at least 35 mm between the x axis and the lower
paper boundary.

f. Maximum size of 24 x 27 cm.

g. Normal size of 21 x 27 cm. The use of smaller sizes is pos-
sible. The paper must be spotless and not be torn at the counting ares.

Taking a density of zero for white paper, the density of black must
be equal to, or greater than, 0.4. The curves to be reduced can be

either curves obtained from an oscilloscope with photographic paper, or
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Figure 15. Automatic curve reader

the film or photograph of the oscilloscope trace, or any other type of
reproduction. In the first two cases, it is possible to obtain by
photographic treatment, the necessary difference in density between the
background and the trace. For a negative film of the size 24 x 36, the ;
curve which shows the evolution of the recorded effect is usable only |
after magnification. Reproduction can be either by photography, or by
transparency tracing of the curve projected on a ground glass. A small

scale magnification leads to too thick a trace, with unclear edges which
must be retraced.

VIII. Validity Limit of the Method

1. Frequency Band

The principle involved in consideration of the signal shown in
Figure 5 (which is the obtained square wave) is that the lowest frequency
that can be analyzed is the fundamental frequency of the square wave;

i.e., EE;E, where At is the plateau time obtained in the shock tube. A
A

second .advantage to having a longer plateau time is now apparent. Wiﬁbmf
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a plateau time of 50 msec, the analysis starts at the frequency of 10
cps. The extrapolation of the curves according to Section VI lowers the
lowest frequency.

The highest frequencies that can be analyzed depend on the resolving
power in reading the ordinates. If we assume that it takes five ordinate
units to define a sinusoidal curve, or 4 reading steps, separated on the
previously described equipment by 1/4 mm, then the reciprocal of the time
scale in seconds per millimeter of the paper gives the highest frequency
which can be analyzed without a large error. If the 50 msec of this
paper are laid on 25 cm, this maximum frequency is 500 cps.

In this concrete example, we discover a bad application of the
method, which can yield information at much higher frequencies; however,
it is the reading which actually limits the frequency band at either end
of the band.

An improvement would be to obtain during the test with the shock
tube (or two identical tests) two recordings with different sweep speeds,
one slow speed for analysis down to the lowest frequencies permitted by !
the plateau time, and a second high speed to use the information at the
high frequencies. The merger of these two recordings by mechanographic
computation after their separate computation is presently under study.

2. Amplitude

The upper pressure limit is determined by the tube strength and the
quality of the Joints. The present possibilities are largely sufficient
for pick-ups employed in pressure fluctuations which come from audio |
stages, since these are not supposed to measure more than 1 or 2+ 10- Pa.
A mechanical modification of the tube is under consideration to withstand
pressures 10 to 20 times as great (for pick-ups like those in Ref. L).

The lowest pressure is limited by the fact that below a certain
value of P, the membrane tears poorly; il.e., P > 1.1 to 1.2 with a cello-
phane membrane.

In place .of a shock wave in the tube, an acoustic wave can travel
down the tube.

The minimum pressure jump (above the atmospheric pressure) is pres-
ently of the order of 104 Pa, or, in the logarithmic scale, 1Tk db. Since =
the most powerful sound installations can hardly furnish 140 db on a small
area, the separation between these two values shows a region where the
dynamic calibration problem is not solved (except by arrangements of the
piston phone type, at very low frequencies only).
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3. Precision

The error made is the sum of the errors of the recorder, the photo-
copy, the curve reader, and the value of the pressure plateau. It is
difficult to estimate this sum. It seems to be of the order of T 14db
(t 12 percent). 1In the succession of operations, the reproduction or the
photographic magnification seems to introduce the greatest errors.

The definition of the responses as a function of frequency then
depends on the number of calculated values as a function of frequency.
Theoretically, there is no limit to the number of these calculations;
however, in practice, the calculations made for too widely separated
frequencies can overlook certain resonance peaks. We must repeat the
mechanographic computation with closer frequency values around the prob-
able value of these resonances.

IX. Conclusion

The calibration by the shock-tube method covers important needs in '
the field of wide-band pressure pick-ups. The preceding discussion also
shows the still sharp limitations inherent in this method.

The curve reader, which considerably enhances the preceding method,
can have many more applications, especially in translating graphical
information to a digital computer.

Manuscript received L4 March 1963

APPENDTX I /37
Successive Reflections of the Shock Wave at the Tube End

In the preceding calculations (Section IV), only the velocity M' of
the wave reflected at the bottom of the tube has been taken into consider-
ation, and the duration of the plateau At (Figure 3) is only approximately
known, provided the tube is long enough so that the point R' of intersec-
tion of this reflected wave with the plane of discontinuilty is fairly
close to point N.

lThe value of the pressure plateau Ap is given by calculation from the
speed M, which is related to the pressure P of the compression chamber
(equation p. 9). This relation is not completely checked by experiment
for P > 10 (M > 1.6) (Ref. 3). 1In addition, because of the attenuation .
with the distance, it is preferable to measure M instead of calculating !
it from P, at least for the strong shocks and the great lengths X. 7




23

In fact the constant pressure plateau ceases when shock wave S",
reflected on this discontinuity wave a second time, returns to the
bottom of the tube (Figure 3). Let M" be the velocity of the twice re-
flected wave, and Aru_be the (reduced) time separating the impacts of

the initial wave S and the reflected wave S" against the bottom. The
real plateau time is therefore:

Aty = — A’q

The calculation of M" was made assuming a ratio 1/L such that the
reflected shock wave S' meets first the discontinuity plane p rather
than the wave A'. A simple geometrical calculation leads to the follow-
ing equation, as a function of the precéding velocities:

. wu—MM —M"
AT‘*“}‘“ =W MM

The eguations which permit the calculation of M" have been deter-
mined by the Aerodynamics Administration. This calculation was carried
out by successive approximations. As a function of M we finally obtain:

9M3+59M"’~—-43M+47i

M =~ SM L F 1)

Expressing everything as a function of the single parameter M, the
pressure plateaut&tu is given by:

I M +5 '[1 9 (M2 2) (M + 11) ]
)

?AtdzEM(7Mz_1 +9M3+59M“-—43M+47

The calculation of this expression (the factor l/a being excluded)
was listed and plotted (not shown here) for M going from 1 to 2.

It then becomes possible to determine, for each value of the super-
pressure P (Table 1 and curves of Figure 4), the optimum length 1 (as-
suming 1 + L = 25 m) in order to obtain the At maximum, while keeplng a
wave diagram geometry corresponding to the case in Figure 3.
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APPENDIX TIT

Table IT. Review of the units of pressure

System Name Symbol Value
MKSA Pascal Pa Newton/m2
Cgs Barye dyne/cm2 = 0.1 Pa
Millibar mb 5 100 Pa
Cm of water g force/cm™ = 98.1 Pa
M.T.S. Pieze Pz 1,000 Pa
(Meter, ton,
second )
Bar b Hpz o = 100,000 P=
English Pounds/ (1b/sqft) 0.488 g/em” = 47.89 Pa
square foot 5
Pounds/ (1b/sqin) 70.3 g/em” = 6,896.4 Pa
square inch z
(psi)
_6"
Logarithmic Decibel db 20 log B, py = 20,107 Pa
scale o
(p is then the rms value
of the pressure fluctua-
tion)
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